Effects of rhizosphere microorganisms on Fe uptake by oat (Avena sativa) and maize (Zea mays) were studied in short-term (10 h) nutrient solution experiments. Fe was supplied either as microbial siderophores (pseudobactin [PSB] or ferrioxamine B
rhizosphere and form Fe3" chelates, which are subsequently transported by a specific uptake system located on the root plasma membrane (27) . In both groups of plants, enhancement of the Fe uptake rate under Fe deficiency is a characteristic feature (3, 4, 16, 24) .
Utilization of microbial siderophores such as FOB2 or PSB by higher plants as a source of Fe has been reported following long-term nutrient solution and soil culture experiments (7, 13, 21, 22) . However, the effectiveness of these siderophores was relatively low and high Fe concentrations were required to prevent Fe deficiency. The inefficient utilization of Fe siderophores by higher plants corresponds with low uptake rates in short-term experiments (16, 24) . However, recently some researchers reported on high uptake rates of Fe siderophores by oat during short-term experiments, and therefore suggested the existence of a receptor-mediated transport system (7) (8) (9) . These studies were conducted under non-axenic conditions assuming that Fe uptake by plants is not affected by rhizosphere and rhizoplane microorganisms. It has been speculated that the contradicting results may be related to microbial interference with Fe uptake by plants (2, 25) .
This investigation was therefore designed to verify this hypothesis and to study effects of various microbial population densities on uptake and translocation of Fe by graminaceous species in short-term experiments. Iron was supplied either as a microbial siderophore (PSB, FOB), phytosiderophore (HMA), or synthetic chelate (EDDHA), to maize and oat grown in nutrient solutions. The experiments were designed to elaborate the mechanism of utilization of microbial siderophores as a Fe source for graminaceous species and the role of rhizosphere microorganisms in the Fe nutrition of these plants.
Studies in recent years on the Fe nutrition of plants have resulted in the division of higher plants into two strategies: strategy I, prevailing in dicotyledonous and nongraminaceous monocotyledonous plants; and strategy II, prevailing in graminaceous plants (grasses 
Source of Siderophores and Phytosiderophores
For pseudobactin production, Pseudomonas putida strain ST-3 was used. The procedures used for bacterial growth, siderophore isolation, and purification were as described elsewhere (13) .
Phytosiderophores were collected from barley (Hordeum vulgare L. cv Europa) roots. The collection procedure followed those described elsewhere (1 The apparatus for measuring uptake and translocation of Fe by various root zones has been described elsewhere (15) . In brief, primary roots of intact maize plants were placed in a multicompartment box. The subcompartment used for separate Fe application was isolated from the other compartments by silicon rubber (Lastic 55) and filled with 10 mL of nutrient solution at pH 6.0 containing 5 MM "FeFOB. Other compartments were filled with Fe-free nutrient solution at pH 6.0. All compartments were continuously aerated. The application zones were the apical zone (0-2 cm) and the basal zone (6-7 cm behind the the apex with young lateral roots or, with older lateral roots, 12-14 cm behind apex). The uptake experiment was performed during 24 h. At the end of the uptake period, the roots were washed and the extracellular Fe was removed. These procedures and the analyses were conducted as described for the short-term uptake experiments. Iron (17) .
When supplied with the synthetic chelate FeEDDHA, the uptake rates of s5Fe were relatively low and only slightly Table I ). The increase in microbial population obtained by inoculation with soil bacteria significantly reduced both uptake and translocation rates of "Fe from FeHMA, probably due to degradation of the chelating agent (24, 25) .
Similar results were obtained for oat plants. The uptake and translocation rates of "Fe from FeHMA were much higher than from the bacterial siderophore FeFOB (Table II) . graminaceous species, especially when microbial siderophores are the major Fe source. The competition is mainly due to two mechanisms: (a) indirect, via microbial degradation of phytosiderophores released by roots to facilitate Fe acquisition (e.g. HMA in this study); and (b) specific uptake of the chelate by microbes via their membrane-bound receptor. The competitive effect is most intense when the second mechanism is involved (e.g. treatments with FePSB and FeFOB). The competition became undetectable when the rhizosphere microorganisms were unable to operate both mechanisms, as was shown for FeEDDHA. The variation in 55Fe root concentrations corresponding to the type and number of microorganisms in the nutrient solution supports our hypothesis.
The major effects of microbial population densities were found as an accumulation of 55Fe in the roots (possibly in the bacterial cells). Fe translocation to the shoot was not affected except for FeHMA, which is taken up in graminaceous species by a specific system (16, 24, 27) . Because microorganisms are not easily removed from root surfaces, "5Fe accumulation in nonaxenic roots (apparent uptake) may be mistakenly considered as a physiological uptake by the plant. This problem may be magnified when Fe uptake is studied with excised roots, where root exudates are easily released to the medium and microbial activity is enhanced. The apparent Fe uptake could be misleading in some instances. In short-term experiments, microbial activity should therefore be considered. Examples of research in which this problem could have been involved are recent publications by Crowley et al. (8) and Ganmor-Neuman et al. (10) .
In graminaceous species, Fe uptake from phytosiderophores is usually 2 to 3 orders of magnitude higher than from microbial siderophores or synthetic chelates (16) . Under Fe deficiency, the release of phytosiderophores is enhanced and so is the uptake rate of the ferrated phytosiderophores, presumably via a root plasmamembrane-bound receptor (24, 27) . The main Fe uptake sites of the phytosiderophores are at the root apical zones (15) . Particularly in Fe-deficient plants, a high proportion of the Fe supplied as Fe-phytosiderophores was translocated to the shoots after a few hours supply (24, 27) . In both plant species examined in this study, neither the total uptake of 55Fe from the two microbial siderophores nor the translocation of 55Fe to the shoots showed the typical features of Fe uptake from phytosiderophores (Tables I and II ), suggesting that maize and oat do not efficiently utilize Fe from these chelates. Moreover, 55Fe from 55FeFOB or 55FePSB was not taken up preferentially in the apical root zones (Table V) . Similar results were obtained for FeEDDHA uptake in barley (15) . In contrast, 55Fe uptake by the roots was highly enhanced in nonaxenic conditions when the plants were supplied with 55FePSB. Thus Recently, the existence of a specific mechanism for direct utilization of FOB by oat was suggested (7-9). This conclusion was based on three major findings: (a) Fe (19) . However, in a later study by the same investigators, it was concluded that the "4C was taken up from degradation products of the siderophore (18) .
In conclusion, rhizosphere microorganisms may strongly affect measurements of Fe uptake from microbial siderophores. If this is taken into account in the experimental set up as in the present study, the results make the existence of a specific receptors for microbial siderophores in graminaceous species unlikely. Nevertheless, when provided in relatively high concentrations and in long-term experiments (3-4 weeks) on a calcareous soil, microbial siderophores were able to fully remedy Fe deficiency in sorghum and peanuts (1, 13) . Due to the abundance of microbial siderophores in soils (7) along with their Fe solubilizing power and chemical stability, these compounds may be of considerable ecological significance. Microbial siderophores increase the mobility of Fe in the soil and in the rhizosphere in particular, and thus provide soluble Fe to the membrane-bound reductase in strategy I plants, and after degradation and precipitation of Fe+3, a source of Fe for phytosiderophores in strategy II plants.
